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Abstract 
A.c. losses  caused  by  an  a.c.  transport  current  and 
a  transverse a-c. magnetic  field  during  slmultaneous 
action  were  measured.  The loss contributions  have  been 
obtained  separately.  The  measurements  were  performedon 
a  NbTi  multifilamentary  wire  having  a  CuNi  matrix of 
low  conductivity  in  order  to  prevent  eddy  currents. 
The  test  configuration is presented  and  measurementre- 
sults  as  well  as  theoretical  confirmation  are  dealt 
with. 
Introduction 
The  combined  exposure to a.c. transport  current  and 
a.c.  field  has  been  previously  studied  [1,21,  However, 
in  these  papers,  the a.c. transport  current  is  assumed 
to  be  either  distributed  uniformly  over  the  filaments 
or  in  some  cases  taken  to  be  fully  localised  in  the 
outer  filaments.  The  research  dealt  with  in  this  paper 
emphasises t h e  actual a.c. transport  current  and  the 
corresponding a.c. transport  current  and  magnetization 
losses.  For  the  purpose  of  measuring  the  losses, ate t
configuration  was  developed  with  the  option  that thea.
c.  field  amplitude  can  be  varied  independently. Thede- 
sign  objective  was  to  obtain  an  a.c.  field  in  a  rela- 
tively small volume  in  order  to  reduce  the  self-induc- 
tance.  Coupling  between  a.c.  coil  and  d.c.  field  was 
satisfactorily  avoided.  Severalcompensation  techniques 
have  been  applied  in  order  to  obtain  an  optimal  reso- 
lution. 
Theory 
The  constitutive  equation  in  the caseofthe combined 
action  of  an  a.c.  transport  current  and  transverse  a.c. 
magnetic  field  for  a  multifilamentary wirecanbe given 
by  the  expressions: 
* 
with  Rf = (*/4)Rf,  Rf  is  the  radius  of  the  filamentand 
B  the  external  a.c.  field at the  location  of  the  fila- 
ment.  Expression  (1)  is  only  valid if full  penetration 
of the  applied  field  occurs.  j is the  mean  current  d$n- 
sity  over  a  filament  and  its  surrounding  matrix  and  E 
is  the  mean  electric  field. 
The  partial  differential  equation fortheunsaturated 
case (1) is  expressed hy: 
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If  we  consider  B(t)  =KI(t),  the  analytical  result  for 
the  a.c.  transport  current  losses  per  period  per  unit 
of length  is  given  by: 
F Z  BerOBerl -Bero Beil +Berl Beio +BeioBeiL 
Ber: + Bei: (5) 
and  R  the  radius  of  the  wire. 
This  expression  can  be  extended  for  dependence  of  the 
critical  current  density  on  the  magnetic  induction C31. 
In  the  case  of  the  fully  localised  current  distri- 
bution  the  equation  given  by  London C41 is  applicable 
with j =njc.  If jc  depends  on  B,numericalcalculations 
can  be  performed  to  obtain  the  losses  in  this  fully 
saturated  case [SI. 
Regarding  the  intermediate  cases, ifbothexpressions 
(1) and  (2)  hold  for  different  positions  inside  the 
wire,  numerical  calculations  yield  the  losses C31. 
It is  shown  that  it  is  possible  to  describe  the  nor- 
malized loss quantity nQ/uof2 by  two  parameters only, 
namely  i = ?/IC  and  b = *Rf*fi/ (~01~). The  results  of  born 
analytically  and  numerically  calculated  losses  are 
shown  in  figure 1. The  limit  of  the  validity of the 
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Figure 1. Normalized  theoretical a.c. transport 
current  losses  in  applied a.c. fields  versus  the 
current  for  various  field  amplitudes.  The  limitation 
of expression (4) i s  given  by  the  centre  line -.-. 
The  numerical  results  are  given  by  dashed  lines ---. 
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analytical  expression ( 4 )  is  indicated.  For  i  values 
larger  than  this  limit  saturation  appears foracertain 
b  value. 
The  magnetization  losses  were  calculated  using  the 
following  approximation  of  the  local  magnetization s 
function  of  the  external  field. 
From  this  expression  the  total  magnetization  losses 
per  cycle  and  unit of length  can  be  obtained  by  inte- 
gration  over  both  the  volume  and  applied  field. 
Test  arrangement 
The a.c.  magnetic  field 
The  field  is  obtained  by  a  set  of  two  coaxial  solen- 
oids with  opposite  current  directions.  The  test  field 
is  generated  in  the  gap  between  the  solenoids.  The  self- 
inductance  of  this  system  is  low  compared  with  that  of  a 
single  solenoid of the  same  size.  The  test  configuration 
is  given  in  figure 2.  In  order to prevent  coupling  be- 
Figure 2. The  measuring  apparatus. 
1) Bobbin 5 )  Outer  pick-up  coil 
2) D.C. coil 6) Inner  pick-up  coil 
31 Inner a.c. cot1 7) Outer  compensation  coil 
4) Outer a.c. coil 8 )  Inner  Compensation  coil 
tween  the  d.c.  coil  and  the  a.c.  field  the  inner  a.c. 
coil  has 3050 windfngs  in 10 layers and.the outer  coil 
2440 windings  in 8 layers.  The  gap  between  the  coils 
is 3 mm and  the  hefght  of  the  coil  pair 50 mm. Thetest 
field  is  homogeneous  within 2% for 96%ofthe available 
test  volume.  The  disturbance  of  the a.c  field  caused 
by  the  coupling  with  the  d.c.  coil  is 2%. 
The  coaxial  pick-up  coils  for  measuringthemagneti- 
zation  losses,  have  a  gap  of 2 mm and  surround  part  of 
the  bifilary-wound  test  wire?.  The  spacing of the  wind- 
ings  of  the  test  wire  is 1 mm in ordertoprevent elec- 
tro  magnetic  interaction  between  the  test  windings. 
These  coaxially-wound  pick-up  coils  and  the  in-series 
compensation  coils aremade ofwirehavingaconduct iv i ty  
of 2.106(Qm)-’ a  radius  of 50 um  and  a  length  of 1 2 m 
so that  the  eddy  current  losses  in  this  pick-up  coil 
wire  are  smaller  than 0.1% of  the  losses  in  the  test 
wire.  Full  compensation  is  obtained  by  means of a 
toroidal  transformer  in  series  with  the  a.c.  coi1,pro- 
viding  the  time  derivative of the  a.c.  field.  Avoltage 
caused  by aminor coupling  between  pick-up  coil  and  the 
field  of  the  a.c.  transport  current  circuit  in  order 
to  obtain  a  better  resolution. 
The  a.c.  transport  current 
The a.c.  transport  current  is  induced  in  a  closed 
loop  of  the  test  wire  by  means  of  a  transformer.  The 
voltage  across  the  test  wire  is  measured  by  voltage 
terminals 151. A  compensation  loop  in  series  with  the 
terminal  wire  is  situated  outside  the  a.c.  coil.  Full 
compensation  with  respect  to  the  transport  current  is 
achieved  by  means  of  the  Rogowski  pick-up  coil. Inthis 
case  compensation  with  respect  to  the  a.c.  field  is 
also  desired  because  the  area  between  the  test  wire 
and  the  terminal  wire i s  intersected  by  the  a.c.  field. 
The  toroidal  transformer  response  is  used  for  this 
purpose. A minor  intersection  of  the  area  between  the 
test  wire  and  the  terminal  wire  by  the  demagnetization 
field  was  alsoobserved.  Subtraction  of  the  pick-up 
voltage  from  the loss voltage  is  necessary  if  small 
currents  and  large  field  amplitudes  are  used  in  order 
to achieve  sufficient  accuracy. 
Measurement  set-up 
Trapezsidal  ramp  currents  and  fields  were  applied. 
Compensation  is  facilitated  by  assuming  a  continuous 
voltage  response at the  start of a  ramp.  Althoughthis 
approach  may  not  be  quite  satisfactory  with respct to 
the  voltage  response,  minor  variations  in  the  conpen- 
sation  do  not  affect  the loss values. 
A  computer  generates  the  ramp,  records  the  relevant 
responses  and  performs  the  integration  reqyired  to  ob- 
tain  the loss values.  The  ramp  times  for -B to +G and 
-I to +f and  the  waitlng  period  are  all 22 ms.  The 
sample  time  is 400 ps. 
Data of the  test  wire 
The  test  wire  is  a MCA NbTi  multifilamentary  compo- 
site  Wire  consisting  of 114 filaments  embedded  in  a 
matrix  Of  CuNi.  The  diameters of the  wire and thefila- 
mentS  are 200 um  and 12.7  pm  respectively.  Rf* Is 
therefore 5 pm  and n = O . 4 5 .  The  effective  critical 
current  density  njc  has  been  measured  and  found  to  be 
4.1 IO9 Am-’ and 2.1 IO9 Am-’. The  corresponding  cri- 
tical  currents  are 128 A  and 65 A and  the  fields  of 
first  full  penetration 47 mT  and 2 3  mT respectively. 
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Figure 3 .  Measured and calculated a .c .  t ransport  
cur ren t  losses versus the a .c .  t ransport  current  
amplitude for various applied a.c.  f ield amplitudes 
with a background f i e l d   f o r  2 T .  
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Figure 4 .  Measured and calculated magnetization 
losses versus the a.c. t ransport  current  ampli tude 
for  var ious  appl ied  a.c. f ie ld  ampli tudes with a 
bakkground f i e l d  o f  2 T .  
’ Resul ts  and discussion 
The a.c. t ranspor t  cur ren t  losses a r e  shown i n  
f igures  3 and 6 fo r  t he  d . c .  f i e lds  of Q.8 and 2.0 T. 
The j c ( B 1  dependence is taken into account  for  both 
cases. In  the  case o f  2Tno  s ign i f i can t  d i f f e rences  
can be- observed. The agreement between theory and ex- 
periment is s a t i s f a c t o r y  which proves  the  va l id i ty  of  
l o s s  r e s u l t s  g i v e n  i n  f i g u r e  1 and i n  p a r t i c u l a r  shows 
the behaviour  of  the current  densi tyinthe unsaturated 
r e g i o n  t o  b e  q u a s i  r e s i s t i v e .  From t h i s   f i g u r e  w e  can 
derive useful information about the t r ans i t i on  o f  t he  
f u l l y  u n s a t u r a t e d  c a s e  i n t o  t h e  p a r t i a l l y  s ~ t u r a t e d  
one. This is helpful  for  the purpose of .suppressinj  
s e l f - f i e l d  i n s t a b i l i t i e s .  
The magnetization losses are shown i n  f i g u r e s  4 and 
7. A reduction of we magnetization losses can be ob- 
served  with  increasing a.c. t ransport   current   ampli tude.  
The combined l o s s e s  are shown i n  f i g u r e s  5 and 0.  
I n  a l l  cases the , losses  increase  wi th  increas ing  a.c. 
t r anspor t  cu r ren t  o r  a.c. f ie ld  ampl i tude .  In  the  case 
of  2 T  the  cont r ibu t ion  of  +e a.c. t ranspor t  cur ren t  
losses is 30% of  the magnet izat ion losses  for  I = O  A. 
However, t h i s  is a l r eady  ach ieved  fq r  i r0 .5 ;  a can- 
s iderable  contr ibut ion which w i l l  be  la rger  for types 
of wire with smaller f i laments  and t h e  same jc.  
Conclusions 
It is shown t h a t  it i s  poss ib l e  to  accu ra t e ly  de t e r -  
mine the a.c.  transport’  current losses and the trans- 
verse  a .c .  magnet ic  f ie ld  losses separa te ly  by thedes-  
cribbed measurement method. 
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Figure 5. Measured and calculated combined losses of  
both a.c. t ransport  current  and a.c. f i e l d  v e r s u s  t h e  
8.c. t ransport  current  ampli tude for  var ious appl ied 
a .c .  f ie ld  ampl i tudes  p i th  a background f i e l d  o f  2 T .  
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Figure 6. Measured  and  calculated a-c. transport 
current  losses  versus  the  a.c.  transport  current 
amplitude  for  various  applied  a.c.  field  amplitudes 
with  a  background  field of 0.8". 
t x 
A  theoretical  model  provides  the  a.c.  transport 
current  losses  for  jc  is  constant,  requlrfng  only  two 
parameters. 
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Figure 7. Measured  and  calculated  magnetization 
losses  versus  the  a.c.  transport  current  amplitude 
for  various  applied a.c.  field  amplitudes  with  a 
background  field  of 0.8T. 
Figure 8. Measured  and  calculated  combined  losses 
of both  a.c.  transport  current  and  a.c.  field  versus 
the  a.c.  transport  current  amplitude  for  various 
applied  a.c.  field  amplitudes  with  a  background 
field  of 0.8T. 
